Measurements of nitrogen oxides onboard a high altitude aircraft were carried out for the first time during the Northern Australian monsoon in the framework of the Aerosol and Chemical Transport in Tropical Convection (ACTIVE) campaign, in the area around Darwin, Australia. During one flight on 22 January 2006, average NO x mixing ratios 5 (mrs) of 723 and 984 parts per trillion volume (pptv) were recorded for both in and out of cloud conditions, respectively. The in-cloud measurements were made in the convective outflow region of a storm 56 km south-west of Darwin, whereas those out of cloud were made due south of Darwin and upwind from the storm sampled. This storm produced a total of only 8 lightning strokes, as detected by an in-situ lightning detec-10
(mrs) of 723 and 984 parts per trillion volume (pptv) were recorded for both in and out of cloud conditions, respectively. The in-cloud measurements were made in the convective outflow region of a storm 56 km south-west of Darwin, whereas those out of cloud were made due south of Darwin and upwind from the storm sampled. This storm produced a total of only 8 lightning strokes, as detected by an in-situ lightning detec-10 tion network, ruling out significant lightning-NO x production. 5-day backward trajectories suggest that the sampled airmasses had travelled over convectively-active land in Northern Australia during that period. The low stroke count of the sampled storm, along with the high out-of-cloud NO x concentration, suggest that, in the absence of other major NO x sources during the monsoon season, a combination of processes in-
Introduction
Nitrogen oxides or NO x (NO x =NO+NO 2 ), constitute one of the primary sources of fixed nitrogen available in the atmosphere. Furthermore, NO
x plays a key role in the balance of the ozone budget by catalytically mediating the oxidation reactions that produce ozone (Crutzen, 1979; Chameides et al., 1973) . Lightning-produced nitrogen 25 oxides (LtNO x hereafter) play an important role in the chemistry of the troposphere, both by enhancing the potential of a given airmass to produce ozone catalytically and by affecting the concentration of the OH radical and thus the oxidizing efficiency of the atmosphere (Stockwell et al., 1999; Labrador et al., 2004) . Produced in and around active thunderstorms, NO x is readily transported by convection to the upper layers of the troposphere, where its lifetime increases to the order of days (Bond et al., 2001) , 5 and where it is subject to long-range transport and re-introduction in areas with low NO x background levels, thereby increasing the potential for ozone production in NO x -limited environments.
Of all the natural sources of nitrogen oxides, LtNO x remains the most uncertain; the violent nature of thunderstorms, along with the fast characteristic times of the light-10 ning phenomenon, of the order of milliseconds, make it difficult to obtain precise measurements of its production. As a consequence, current LtNO x production estimates range from 1 to 20 Tg(N) yr −1 , with the most recent estimates settling around a 2-8 Tg(N)/yr −1 range (Schumann and Huntrieser, 2008) . Given its role as an ozone precursor, the uncertainty in the production of LtNO x makes it difficult, in turn, to precisely 15 estimate the global ozone budget. Measurements of LtNO x are difficult, given the violent nature of the phenomena involved in its production, and require dedicated experiments and airborne platforms to sample, usually flying in the outflow region of thunderstorms. Most lightning LtNO x sampling experiments have been carried out in continental, isolated type convection 20 (Ridley et al., 2004; Huntrieser et al., 2007 Huntrieser et al., , 2002 . Murphy et al. (1993) reported on airborne NO y measurements over Northern Australia during January 1987, within the framework of the Stratosphere-Troposphere Exchange Project (STEP) (Russel et al., 1993) and established that lightning is most likely a source of upper tropospheric NO y at Darwin. Although measurements of LtNO x and its impacts have been made 25 for Northern Australia by Kondo et al. (2003) , until recently, no measurements of lightning NO x production in monsoon convection have been reported on for that region. In this work, we present the results of a flight carried in during the ACTIVE campaign, in January 2006, during the Northern Australian monsoon.
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A description of the ACTIVE campaign, along with the main instruments used in deriving the data for this study will be given in Sect. 2. The general characteristics of the Northern Australian monsoon will be given in Sect. 3. This will be followed by a description of the meteorological conditions of the day of the flight, 22 January, in Sect. 4. Section 5 will offer a description of the Egrett's flight and its results. In Sect. 6 5 these results will be discussed and Sect. 7 will offer the conclusions of this work.
Campaign description
The Aerosol and Chemical Transport in Tropical Convection field campaign (ACTIVE hereafter) (Vaughan et al., 2008) (Keenan and Carbone, 2008) . The campaign used a combination of airborne platforms and ground sensors to measure the composition of the atmosphere in the boundary layer, the free troposphere, the tropical tropopause layer (TLL) and lower stratosphere (Vaughan et al., 2008; May et al., 2008) . The main high-altitude airborne platform used during ACTIVE was a Grob-520 Egrett, which sampled the anvil outflow 20 region of storms as well as the surrounding background air. In eight of its campaign flights, two of which were during the active monsoon, the Egrett was fitted with a chemiluminescent NO-NO 2 sensor (Volz-Thomas et al., 2005) . On the ground, the dedicated Lightning Location Network (LINET hereafter) recorded the lightning's VLF transients, or strokes. LINET (Betz et al., 2004) was set up specifically for this experiment and
NO x instrument
The NO-NO 2 instrument deployed onboard the Egrett was a modified version of the MOZAIC NO y instrument described in Volz-Thomas et al., (2005) . For the instrument deployed in ACTIVE, the catalytic converter was replaced by a photolytic converter (Droplet Measurement Technology, BLC) for the specific conversion of NO 2 to NO.
5
The BLC was modified by installing a quartz cell in order to prevent the memory effect encountered at reduced pressure during prestudies. The sensitivity of the chemiluminescence detector was enhanced to 0.7 cps/ppt by installing a second pump and a second ozone generator. The detection limit was 200 pptv at 10 Hz and 30 pptv for an integration time of 4 s. The conversion efficiency of the BLC was 70% at ground 10 and 50% at 150 hPa. The instrument was regularly calibrated before and after flight for both, sensitivity for NO and conversion efficiency of NO 2 .
There were two modes of operation during ACTIVE: Automatic operation, where the instrument alternated between NO and NO x measurements every ten seconds, and manual operation by the flight crew. For the flight on 22 January, the instrument was 15 switched manually between NO and NO x measurement modes at approximately 10 min intervals.
CO instrument
The CO detection instrument flown onboard the Egrett was based on the fast-response resonance fluorescence instrument for airborne measurements described in Gerbig et 20 al. (1999) . The instrument was regularly calibrated, both on ground and during flight and data were collected at a frequency of 1 Hz with a precision of ±2 ppbv (parts per billion volume) and an accuracy of ±3 ppbv (5% at mixing ratios >60 ppb).
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Lightning detection network
A lightning stroke detection network comprising six detection stations was set up in an area of a radius of approximately 150 km centred on Darwin. LINET (Betz et al., 2004) is a VLF/LF detection network that utilizes a time-of-arrival technique for 3-D location of lightning return strokes, which, along with a low detection threshold, allows for the 5 discrimination of intra-cloud (IC) and cloud-to-ground (CG) discharges at distances of up to 100 km from a detection station. The accuracy of LINET degrades considerably after that distance as does its ability to distinguish between IC and CG discharges.
Meteorological conditions during the ACTIVE campaign
The onset of the wet season in Northern Australia typically occurs around October, 10 with the pre-monsoon season. In a period marked by a strong diurnal cycle in convection, isolated deep storms over the Tiwi islands and squall lines over the continent develop on an almost daily basis. From December to April this regime alternates with phases of monsoon conditions, when a generally westerly flow predominates and there is widespread organized convection over land and ocean with no strong diurnal varia-15 tion. During a monsoon the background atmosphere is characterized by widely varying amounts of stratiform rain, and a dense cirrus overcast, where the product of deep convective storms mix with aged cirrus from previous days' storms (May et al., 2008) . In 2006 the monsoon's onset occurred on 13 January and produced three distinct phases; an active period, from 13 to 23 January, a suppressed monsoon period from the 26 to 2 20 February, and a monsoon break period from 3 February until the end of the experiment, when conditions were similar to the pre-monsoon regime. Figure 1b shows a CO vertical profile composite plot using data from 7 Egrett flights between 20 January and 1 February 2006. Of note is the inverted vertical profile, wherein concentrations in the boundary layer were below 60 ppbv CO, whilst the max-altitude. This contrasts with the pre-monsoon phase (Fig. 1a) , where the CO concentrations were highest (close to 100 ppbv) in the boundary layer and decreased with altitude to about 70 ppbv between 10 and 14 km. The low CO in the boundary layer during the monsoon shows that low-level air was free of anthropogenic pollution at this time.
During the active monsoon phase, the Darwin area experienced widespread convection with different levels of convective organization that included isolated storms as well as more organised structures (May et al., 2008) . On 22 January, as the monsoon trough retreated north of Darwin, a large mesoscale convective system (MCS) developed in the experiment area that would dominate meteorological conditions for 10 the next few days. This MCS appears to have been triggered by the convergence of three lines of thunderstorms to the southwest of Darwin that provided a strong initiation mechanism in an environment with high convective available potential energy (CAPE) and low convective inhibition, and abundant mid-level moisture and ice clouds from the earlier storms (May, personal communications) . The system developed a distinct typhoon-like circulation and the area-averaged rainfall increased from 17 to approximately 55 mm day −1 with half of that rain being convective in origin. Similarly, the CAPE and relative humidity measurements registered the highest values of the active monsoon period (May et al., 2008) . The system developed into a tropical low, with the atmospheric pressure dropping as low as 998 hPa on 31 January, and persisted as 20 a stationary feature over the central part of Australia's Northern territory until 2 February. Once stationary, the system's circulation had the effect of producing westerly winds of up to 20 m s −1 as well as advecting dry, continental air at midlevels to the experiment area giving rise to a suppressed monsoon period. Despite continuing high CAPE values, this resulted in a cap that limited convection to altitudes below 10 km which in turn 25 led to rainfall rates averaging approximately 6 mm day −1 and very clean low-level air with CO mrs of less than 50 ppbv. This period lasted until the dissipation of the low pressure system on 2 February. Three days of clear skies followed before conditions similar to those of the pre-10653 monsoon period were experienced over the experiment area, starting on 6 February. During this monsoon-break period the low level wind flow returned to easterlies. Rain rates, however, averaged approximately 8 mm day (significantly less than the ∼17 mm day −1 measured during the previous active monsoon period), indicative of lower average vertical motion. Similarly, convection recovered its continental pre-5 monsoon character and manifested itself in the form of intense afternoon isolated storms over the Tiwi islands as well as occasional squall lines over Darwin. Figure 2 shows the LINET stroke time series for the 2006 monsoon in the ACTIVE experiment area. In the figure, the total stroke count does not equal the sum of cloud-toground and intra-cloud strokes; this is due to the fact that the LINET detection accuracy 10 degrades at distances larger than 100 km. At such distances, if and when stroke is detected by fewer than 4 LINET stations, then it is classified as undetermined. The trends in the stroke counts mirror the behaviour of convection throughout the three phases of the monsoon; starting on 5 January (day 5) there is a steady decrease in the average count as the monsoon regime is established. This decrease is only 15 interrupted on 22 January (day 22), on the day of the formation of the mesoscale convective system, when there is an excursion from the trend and where over 40 000 strokes were recoded in the experiment area. During the next two days, at the peak period of influence of the MCS over the Darwin area, the count stayed at approximately 108 000 strokes day , dropping back to 11 000 strokes on 24 January as the MCS's 20 circulation advected dry continental air into the area thus suppressing convection. The decrease continues into the suppressed monsoon phase, with counts of between 5000 and 10 000 strokes. The stroke count rose to values typical of the pre-monsoon with over 220 000 on 9 February signalling the start of the monsoon break period; counts remained high until the end of the LINET recording period on 15 February. Table 3   25 shows the LINET stroke count for selected days of the different convection regimes sampled during ACTIVE. The first thing to notice is that the stroke activity during both the pre-monsoon and monsoon break periods is a factor of 5-10 higher than during the monsoon. The widespread, organized nature of the monsoon convection, however, resulted in more frequent storms covering a wider area than the oftentimes localized pre-monsoon and monsoon-break storms.
Conditions on the day of the flight
On 22 January deep convection started to organize at approximately 13:30 local time some 400 km south-east of Darwin, moving west. By 17:00 LT, convection had de-5 veloped into a squall line and moved to about 200 km east south-east of Darwin and would eventually reach the city at about 21:00 LT. These were the first manifestations of the mesoscale convective system described above. Along the coast SW of Darwin, a storm system, made up of a series of storms aligned NE to SW in a 250 km-long line parallel to the coast and approximately 10 km inland, appeared at 14:23 LT in the satel-10 lite images. This system preceded the MCS by at least 4 h. By 16:23 LT, the system had fully developed and started to move out to sea.
The LINET network registered the first 3 lightning strokes of this system at 14:16 LT in its southernmost part. The period between 14:53 and 15:53 was the most electrically active, with 82 strokes, mostly on the southernmost part, where the storms were the Figure 4 shows the NO x time series for this flight. The NO-NO x instrument was switched between the NO and NO x measuring modes at intervals of approximately ten minutes. Sections of this flight in and out of cloud were identified by using the Cloud and Aerosol Spectrometer (CAS), part of the Cloud Aerosol and Precipitation Spectrometer 20 (CAPS) probe (Baumgardner et al., 2002) , to measure particles larger than 10 microns; a value >1 cm −3 was taken to indicate in-cloud conditions. Once at altitude, the aircraft penetrated the outflow region of the storm 5 times, which resulted in a series of large NO x concentrations or "spikes", with average mixing ratios of 901, 883, 741, 1570 and 870 pptv for each transect, respectively and a total average of 984 pptv. Peak NO x 25 mixing ratios exceeded 3000 pptv in transect 6 (see Table 1 ). NO x measurements in out-of-cloud conditions (spikes 1, 2 and 5 in Table 1 and Fig. 4) on the other hand, show average values of 1471, 920 and 525 pptv, respectively and a total average of 723 pptv. The first two out-of-cloud transects occurred south of Darwin, the first during the climb to altitude from Darwin heading north, at altitudes between 3.1 and 6.4 km and distances of between 5 and 10 km from Darwin. However, due to the aircraft's proximity with Darwin and the low altitude of the sampling during the first transect, we have refrained from including this value in the out-of-cloud total average mixing ratio. Of particular interest is transect 2 (see Fig. 5 ); the Egrett was at 10 km altitude, 50 km 
15
The out-of-cloud transect 5 (see Fig. 4 and Table 1 ) occurred during an inbound leg to Darwin, before turning around to further probe the anvil outflow region. During this leg, the Egrett was level at 12 km altitude, north of the storm and 15 km west of Darwin. As with the previous out-of-cloud transect, the MTSAT image confirms the absence of any discernable cloud. During transects 4, 6 and 7, the sampled NO x is negatively 20 correlated with CO. This can be explained by fast vertical transport of low-CO, clean planetary boundary layer air by the storm's convection (see Fig. 1a ).
Discussion
Between 11:50 LT on 22 January and 07:50 LT on 23 January, the LINET network recorded a total of 49 899 lightning strokes, most of them due to the MCS's activity.
25
Unlike the pre-monsoon season, when the lightning activity is concentrated in localized convective cells, lightning occurred over a much wider area and in a more organized 10657 and widespread convective environment. Given that the storm sampled produced only 8 strokes (most probably all part of the same lightning flash), it is unlikely that the NO x concentrations sampled in-cloud were caused by that storm. Furthermore, the mean NO x concentration of the out-of-cloud transects is 1100 pptv, whereas that of the incloud transect is 980 pptv. It may be argued that the first out-of-cloud transect might 5 be contaminated with NO x from anthropogenic sources as this transect occurred just 10 km north of Darwin and on ascent. However, even without this first transect, the mean of the two remaining out-of-cloud transects is 720 pptv, which is only 27% lower than the in-cloud concentrations. Assuming that the out-of-cloud transect represent concentrations characteristic of cloud-free airmasses, and that the in-cloud concen- the back-trajectory from the airmass sampled on transect 4. The airmass originated east of Darwin, on the Cape York Peninsula on the eastern edge of the Gulf of Carpentaria, and went on to traverse the Gulf and the entire northern part of the Northern Territories on its way to the point of sampling. In the second case (Fig. 6b) , the airmass on transect 8 originated les than 270 km south of the sampling point, close to the coast,
and followed a curved path along the western coast of the Cape York peninsula to then turn west until reaching the sampling point. The two back-trajectories shown are characteristic of all the transects where NO x was sampled: airmasses sampled in transects 1-5, between 5000 and 12 600 m altitude followed easterly trajectories from the Gulf of Carpentaria whereas those in transects 6-8, sampled above 12 600 and 13 800 m, followed curved paths starting south of the sampling point. While backward trajectories in a highly convective environment are not an accurate representation of an airmasse's history, they do provide a broad indication of the airmasse's origin. In this case there seems to be consistency between groups of trajectories at different altitudes.
5
The figures indicate that the sampled airmasses all travelled mostly over land in the active monsoon region during the 5 days prior to the sampling. During that time, they transited over a highly-unstable and convective area with electrical activity every single day; thus it appears that the airmasses accrued lightning-produced NO x during those five days. The abundant convection transported the newly formed species to the upper 10 troposphere, where the lifetime can increase to the order of days (Jeaglé et al., 1998) .
The LINET stroke count over the previous 5 days shows an average of 20 380 strokes day −1 , with a pattern (not shown) not unlike that of 22 January, where the bulk of the convective (and lightning) activity started to the east of Darwin and moved west towards the coast south of Darwin, with storms still active after moving out to sea 15 in the early hours of the morning. The area south of Darwin, where the airmasses sampled in transects 6-8 appear to originate, sustained the heaviest lightning activity; transect 7 (see Table 1 ), whose airmass appears to originate in that area, showed the highest mean NO x concentration of the entire flight. Thus a pattern seems to emerge which, despite the relatively low stroke count, typical of monsoon storms, coupled with 20 fast vertical transport and regional airmass transport patterns, results in significant accretion of lightning-produced NO x and high mixing ratios even in cloud-free air. Table 2 shows the mean NO x enhancements measured in other field campaigns in the tropics, including ACTIVE. The monsoon NO x enhancements measured during this flight show a range comparable to that measured during the continental-convection
25
TROCCINOX field campaign and larger than that of any of the other listed continental tropical field campaigns except CRYSTAL-FACE, where deep convective, sea-breeze driven thunderstorms (similar to those sampled during the first part of the ACTIVE campaign and described in another manuscript currently in preparation) were sampled.
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It is important to notice, however, that the measurements made in the campaigns listed were made at point sources i.e., in the anvil outflow regions of electrically-active storms. The process described here is most likely one of accretion of NO x through transport and convection.
The measurements presented here were made during active monsoon conditions 5 and right at the onset of a large MCS with more abundant convection and whose lightning activity during the next 3 days, as recorded by the LINET, was at least a factor of 5 or larger than that on the 5 previous days. Unfortunately, no airborne NO x measurements were made in the post-MCS environment, but it is reasonable to assume that LtNO x production should have been considerably larger under those conditions.
10
While the MCS looks, at least from the lightning activity standpoint, as an outlier event and might thus be thought of as unrepresentative of the Northern Australian monsoon regime, MCSs are not an uncommon feature of that season. Between 4 and 5 such events can occur during each monsoon, although most will feature maritime-type convection and could thus be electrically weaker than the one encountered here (May, sonal communications). Mainly because they were recorded during one single flight, it is difficult to categorize the out-of-cloud NO x concentrations as typical monsoon background values, yet they do provide an indication not only of the LtNO x production during previous days, but of the accumulation of NO x in the background due to its longer lifetime in the upper troposphere, as well as of convective vertical transport and en-20 trainment of this NO x -rich air by active storms.
Conclusions
This study shows the result of one flight where airborne NO x measurements were made during the 2006 Northern Australian monsoon, in the framework of the ACTIVE campaign. The average NO x mixing ratios recorded were on a par with those measured 25 during tropical continental field campaigns that targeted LtNO x . While the NO x concentrations might equal those measured at point sources during those campaigns, the mechanism at work is different; despite a markedly lower lightning activity compared to that during the previous (pre-monsoon) and succeeding (monsoon-break) periods, a combination of widespread, organized and electrically-active convection, combined with regional transport patterns and fast vertical transport by deep convection appears to have resulted in accretion of lightning-produced NO x [4477] [4478] [4479] [4480] [4481] [4482] [4483] [4484] [4485] [4486] [4487] [4488] [4489] [4490] [4491] [4492] [4493] 1999 . Tie, X., Zhang, R., Brasseur, G., Emmons, L., and Wengfan, L.: Effects of lightning on reactive 5 nitrogen and nitrogen reservoir species in the troposphere, J. Geophys. Res., 16(D3), 2002 Torres, A. L., Buchan, H., and Tuck, A. F.: Tropospheric nitric oxide measurements over the Amazon basin, J. Geophys. Res., 93, 1396 Res., 93, -1406 Res., 93, , 1988 . Vaughan, G., Schiller, C., MacKenzie, A. R., Bower, K., Peter, T., Schläger, H., Harris, N. R. P., 10 and May, P. T.: 
